Introduction
Gain-and loss-of-function studies of particular transcription factors showed that leukocyte lineage identity can be plastic (eg, B cells can be converted into macrophages). 1 In addition, leukocytes may lose lineage identity in response to specific microenvironmental signals as shown for CD4
1 helper T-cell subpopulations 2 and myelomonocytic cells. 3 For example, macrophages may develop into M1 or M2 phenotypes, 4 or into myeloid-derived suppressor cells (MDSCs), depending on microenvironmental signals. 5 In addition, in vitro studies demonstrated that murine 6, 7 or human 8, 9 differentiated postmitotic neutrophils can acquire a monocytic/macrophage/dendritic cell (DC) phenotype. This latter finding was surprising, because granulocyte/monocyte lineage separation was believed to occur at the clonogenic progenitor cell stage, and monocyte committed progenitor cells have recently been isolated. 10, 11 Moreover, certain transcription factors (eg, C/EBPa, Gfi-1, Egr-1, Klf4, Pu.1) are differentially involved in granulocyte vs monocyte development from shared progenitors. 12, 13 It is interesting to speculate that "transdifferentiation" of neutrophils into monocytic cells only occurs in response to inflammatory signals. Left-shifted granulopoiesis is defined as the appearance in the peripheral blood (PB) of band-stage neutrophils. Upon egressing from blood vessels, bone marrow-derived band-stage neutrophils can enter disease-specific microenvironments.
Activation states and expression levels of lineage-determining transcription factors are tightly controlled by upstream kinase pathways whose activity in turn is dependent on extracellular cues. p38MAPK is strongly activated by environmental stress and inflammatory cytokines but not by growth factors.
14 Four different isoforms (a, b, g, and d) of p38 have been described with overlapping substrate specificity and are activated by upstream mitogen-activated protein kinase kinases 3 and 6 (MKK3 and MKK6). MKK6 was shown to phosphorylate all isoforms of p38, whereas MKK3 was shown to be more restricted (activation of p38a, p38g, p38d). 15 Notably, phosphorylated MKK6
was identified as a strong immunohistology marker for lesional monocytic cells and synoviocytes in rheumatoid arthritis. 16 p38 signaling has also been implicated in neutropenia 17 and is activated by toll-like receptor (TLR) signaling in hematopoietic progenitor cells concomitant with TLR-induced monocyte/DC differentiation. 18 The present study was prompted by our initial observations that conditional MKK6-p38MAPK activation in granulocyte colonystimulating factor (G-CSF)-dependent neutrophils leads to the activation of a monocyte differentiation program. Because thus far the existence of this cellular pathway was supported only by in vitro cell culture data, we considered mechanistic experiments to be of substantial relevance. Here, data from mouse and human support a model of monocytic cell differentiation from G-CSF-mobilized band-stage neutrophils under inflammatory conditions via MKK6 activation.
Materials and methods

Cell lines and primary cell culture
Control vector-or dominant active (d.a.)MKK6-expressing HL60 cells were generated by cotransducing TA-mCD8a either together with HR-NGFR or HR-d.a.MKK6-NGFR followed by single-cell cloning for obtaining optimal DOX-inducible clones. Cell lines were maintained in RPMI medium, 10% fetal calf serum, penicillin/streptomycin (P/S; 125 U/mL each), and L-glutamine (complete RPMI). Cord-blood samples were collected during healthy full-term deliveries with both approval from the Medical University of Vienna institutional review board and informed consent according to the Declaration of Helsinki. CD34
1 cells, neutrophils, and monocytes were isolated as previously described.
19
Neutrophils and monocytes from CD34 1 cells were generated as previously described. 19 To generate neutrophils, CD34 1 cells (2-5 3 10 4 /mL per well) were plated in X-VIVO15 medium supplemented with G-CSF (100 ng/mL) and stem cell factor (20 ng/mL) for 12 to 14 days. The medium was partially exchanged for fresh medium containing cytokines every 3 days. A detailed list of cytokines is found in the supplemental data, available on the Blood Web site. Osteoclasts derived from neutrophil-derived monocytic cells were generated with macrophage colony-stimulating factor (M-CSF) (25 ng/mL) and receptor activator of nuclear factor kB ligand (RANKL) (100 ng/mL) as described. 20 Cytokines and reagents are listed in the supplemental methods. Neutrophils of G-CSF-mobilized (10 mg/kg body weight Neupogen [Amgen Europe] on 4 consecutive days) were isolated by density-gradient centrifugation using Lymphoprep (Axis-Shield PoC AS, Oslo, Norway) according to the manufacturer's protocol.
Retroviral vectors
Gene transduction and the tetracycline-inducible gene expression system was previously described. 21 This enables inducible expression of d.a.MKK6 followed by either IRES-GFP (HR-GFP) or IRES-Nerve growth factor receptor (HR-NGFR). cDNA encoding dominant-negative c-Jun (d.n. c-Jun; S63A, S73A, T91A, and T93A; kindly provided by G. Chen, Medical College of Wisconsin) 22 was subcloned into the HR vectors. To induce gene expression, 1 to 2 mg/mL DOX was added.
Flow cytometry
Flow cytometry analysis was performed as previously described. 19 For a detailed list of antibodies, see the supplemental methods. Sorting and fluorescence-activated cell sorting (FACS) analyses were carried out on BD FACSAria and LSRII cytometers. Data were analyzed with FlowJo software (BD Biosciences).
Reverse-transcriptase polymerase chain reaction (RT-PCR) and microarray analysis
Total RNA was isolated using the RNeasy Mini Kit (Qiagen) according to the manufacturer's protocol. For real-time RT-PCR analysis, the SYBR Green detection system was used (Invitrogen). Microarray analysis was performed as previously described. 23 The whole-gene datasets have been deposited in the GEO database (accession no. GSE58920). A detailed protocol and list of primers are described in supplemental Methods.
Western blot
Total cell extracts were prepared as described. 21 Proteins from equal numbers of cells were separated by sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and blotted onto polyvinylene difluoride membrane (Immobilon-P; Millipore, Billerica, MA). Protein detection was performed with chemiluminescence (SuperSignal WestPico; Pierce Biotechnology). The detailed protocols and a complete list of antibodies used are available in supplemental Methods.
In vivo transdifferentiation
Neutrophils from G-CSF-mobilized lysM-EGFP mice (kindly provided by T. Graf) were obtained from PB. Peritonitis was induced by instillation of 4% ThG into wild-type mice as described. 24 The We compared endogenous MKK6 levels in neutrophils with monocytes either generated in vitro or isolated from PB. MKK6 levels were substantially higher in monocytes than in neutrophils ( Figure 1A ). We generated G-CSF-dependent neutrophils or M-CSFdependent monocytes from CD34 1 cord blood progenitors and conditionally expressed d.a.MKK6 25 in differentiated cells by using a tetracycline-inducible retroviral system. 21 The vast majority of G-CSF-dependent day 11-generated cells represented CD15 ). Although CD15 and MPO are induced early during in vitro granulopoiesis of CD34 1 cells, a subset of MPO hi cells subsequently begins to express the secondary (specific) neutrophil granule marker LF, after in vitro generated cells had acquired a myelocyte/metamyelocyte phenotype. 27, 28 In line with their granulopoietic phenotype, these cells exhibited robust oxidative burst activity (supplemental Figure 1A) Figure 1B) . Thus, MKK6 signaling in G-CSF-dependent human primary neutrophils induces their differentiation toward a CD14 hi monocytic phenotype. In line with this, mRNA expression levels of neutrophil-affiliated transcription factors C/EBPa and Gfi-1 were down-regulated, whereas monocyte-associated transcription factors c-Jun and MafB were upregulated in d.a.MKK6 expressing primary neutrophils ( Figure 1C ). These reciprocal changes of transcription factors were similarly detected at the protein levels (supplemental Figure 1C ). Figure 2B ). Therefore, HL60 cells mimicked primary cells in phenotypic and transcription factor changes. These developmentally arrested homogeneous myeloid model cells offer the advantage to study initial molecular events in d.a.MKK6-mediated monocytic cell differentiation. c-Jun vs C/EBPa transcription factor expression changes were found to be p38-dependent but JNKindependent (ie, impaired by p38 inhibitor but unaffected by JNK inhibitor; Figure 2B ). Short-term (6 hours) d.a.MKK6 expression was sufficient to induce an approximately fivefold reduction in basal C/EBPa levels and a reciprocal fourfold increase in c-Jun mRNA levels ( Figure 2C ). Because CEBP family members were shown to be regulated via ubiquitin-proteasome-dependent degradation, 29 we tested whether MKK6 activation leads to the downregulation of C/EBPa levels via proteasomal degradation. Blocking of the proteasomal pathway by proteasomal inhibitor MG132 indeed led to the stabilization of C/EBPa levels upon MKK6 signaling, whereas under control conditions, C/EBPa was degraded as expected ( Figure 2B -D). C/EBPa negatively regulates c-Jun promoter activity by blocking of c-Jun binding to its own promoter. 30 Thus, we examined whether stabilization of C/EBPa levels inhibits c-Jun upregulation in response to MKK6. Four hours induction of d.a.MKK6 followed by proteasomal inhibition stabilized C/EBPa levels and significantly interfered with MKK6-dependent upregulation of c-Jun mRNA ( Figure 2D , bar diagram). Under control conditions c-Jun upregulation in response to MKK6 occurred at the expected rate ( Figure 2D-C) . Egr-1/Egr-2 positively regulates monocyte gene expression and counteracts Gfi-1, a granulocyte-associated gene activated by C/EBPa. 13 Inhibition of proteasomal C/EBPa degradation correlated with the inhibition of Egr-1 induction; conversely, the downregulation of Gfi-1 was unaffected (supplemental Figure 1D) . Figure 2E ). Moreover, the expression of d.n.c-Jun failed to restore C/EBPa levels upon MKK6-p38 signaling (supplemental Figure 1E ). As expected, d.a.MKK6-activation-induced monocyte differentiation was associated with inhibition of cell proliferation (supplemental Figure 1F ). In conclusion, MKK6-induced monocyte differentiation of HL60 model cells depends on C/EBPa proteasomal degradation, resulting in the rapid induction of c-Jun; moreover it is critically dependent on c-Jun phosphorylation.
Proinflammatory cytokines induce monocytic cell characteristics of band-stage neutrophils from G-CSF-mobilized blood GM-CSF, tumor necrosis factor-a (TNFa), and IL-1b belong to well-documented proinflammatory mediators involved in the pathogenesis of many inflammatory disorders and were shown to trigger MKK6-p38 signaling in myeloid cells. 31 Expectedly, GM-CSF/TNFa/IL-1b triggered MKK6 phosphorylation in primary G-CSF-induced neutrophils ( Figure 3A) . For personal use only. on April 12, 2017 . by guest www.bloodjournal.org From GM-CSF/TNFa/IL-1b ( Figure 3D ). CD14 hi cell differentiation from neutrophils occurred without cell division ( Figure 3E ), with approximately 70% cell recovery rates at day 5 ( Figure 3E ). Moreover, CD14 hi cells generated from neutrophils showed strong c-Jun expression, whereas expression was low in CD14 -cell fractions ( Figure 3F ). In comparison, freshly isolated LF 1 neutrophils lacked detectable c-Jun expression ( Figure 3F , untreated). C/EBPa expression was also down-regulated in CD14 hi cells when compared with freshly isolated neutrophils and was comparable with expression levels of freshly isolated monocytes ( Figure 3G ). In human, arginase-1 is constitutively expressed by neutrophils but not by monocytes.
32 CD14
hi cells lacked detectable arginase-1, similarly as observed for freshly isolated monocytes ( Figure 3G ). LF -CD14 hi cells exhibited ruffled cell shapes, with a considerable portion of these cells showing a bilobed nucleus ( Figure 4A ). In addition, cell size/forward scatter characteristics progressively increased over time for CD14 hi cells ( Figure 4B ), and CD14
hi cells showed higher expression levels of CD15 and CD11b and much lower/undetectable levels of CD16 and LF than did freshly isolated neutrophils ( Figure 4C ). Moreover, day 5-generated CD14 hi cells possessed phagocytic activity similar to freshly isolated PB monocytes and neutrophils (supplemental Figure 4A) .
CD54 is expressed by CFU-GM and is gradually down-regulated during granulopoiesis, with band-stage and segmented neutrophils exhibiting low/undetectable CD54; conversely, monocytes are CD54 
CD54
1 and CD15 1 CD54 -fractions, the latter being enriched for CD14 hi cell differentiation potential ( Figure 4D and supplemental Figure 4B ). Expectedly, phospho-MKK6 can be detected at higher levels in sorted CD14
1 monocytelike cells compared with CD14 -cells from the same cultures (day 5; Figure 4E ).
In subsequent experiments, we analyzed the lineage relationship of in vitro-generated CD14 hi monocytic cells to blood monocytes vs neutrophils using cDNA microarray gene profiling. CD14
hi cells generated from G-CSF-mobilized CD15 
-neutrophils exhibited a close resemblance to blood monocytes and are clearly separated from blood neutrophils as well as from their precursors (ie, CD15
1 CD54 -cells) ( Figure 5A ). For example, well-known granulocytic markers CSF3R (G-CSF receptor), DEFA1, DEFA3, ARG1, and GFI-1 were down-regulated in CD14 hi progeny compared with neutrophils. Inversely, monocyte-associated genes CSF1R (M-CSF receptor), CD68, JUN, and MAFB were upregulated in CD14 hi cells with similar expression level as observed in PB monocytes ( Figure 5B ).
G-CSF-mobilized human blood neutrophils give rise to osteoclasts
Because osteoclasts were previously shown to arise from CD14 hi monocytes/macrophages, 34 we analyzed whether neutrophil-derived 
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For personal use only. on April 12, 2017. by guest www.bloodjournal.org From For personal use only. on April 12, 2017 . by guest www.bloodjournal.org From monocytic cells possess osteoclast potential. Hence, purified neutrophils were induced to acquire monocyte characteristics in response to 5-day stimulation with GM-CSF/TNFa/IL-1b ( Figure 3D ), followed by subculture in osteoclast differentiation-promoting media (see scheme, Figure 6 ). At day 21, TRAP 1 giant multinucleated cells were visible in these cultures (Figure 6, arrowheads) . Moreover, ultrastructural analysis of bovine bone discs after 21 days of culture revealed numerous pits formed on the surface of the bone (Figure 6 ). For personal use only. on April 12, 2017 . by guest www.bloodjournal.org From M-CSF/RANKL stimulation of freshly isolated or in vitro G-CSF pretreated neutrophils (day 5) resulted in massive cell death with no detectable cells after 21 days. Therefore, osteoclast differentiation strictly required prestimulation of neutrophils with GM-CSF/TNFa/ IL-1b. Thus, osteoclast differentiation potential of neutrophils correlates positively with the induction of CD14 hi monocytic cells, suggesting that they arise from monocytic intermediates.
Neutrophils from G-CSF-pretreated mice acquire a monocytic phenotype in vivo
Cell transfer experiments are required to rigorously test whether neutrophils can acquire monocytic cell characteristics in vivo. Thioglycollate (ThG) peritonitis induces a rapid influx of neutrophils to the peritoneal cavity within a short time. ThG-induced peritoneal neutrophils can be driven in vitro to develop into F4/80 1 monocytes/ macrophages in response to M-CSF. 6 Whether these cells acquire monocytic cell characteristics in vivo was not analyzed. F4/80 is a specific monocyte/macrophage marker, whereas Ly6G specifically identifies neutrophils. 6 Expectedly, we observed high numbers of neutrophils (F4/80 -Ly6G 1 ) and moderate numbers of monocytes/ macrophages (F4/80 1 L6G -) at day 1 after the administration of ThG.
Frequencies of monocytes/macrophages increased at days 2 and 3 as expected. 35 In addition, F4/80 
Discussion
We here demonstrated that human in vitro-generated G-CSFdependent neutrophilic granulocytes acquire monocytic cell characteristics in response to MKK6-p38 activation. Neutrophilderived monocytic cell generation modeled in HL60 cells required proteasomal degradation of C/EBPa and was at least in part mediated by c-Jun induction and c-Jun phosphorylation (see hypothetical model in supplemental Figure 7) . Furthermore, we demonstrated to our knowledge for the first time that adoptively transferred GFP 1 neutrophils from G-CSF-treated mice are capable of rapidly acquiring a monocytic phenotype in response to inflammatory signals in vivo. Accordingly, human G-CSF-mobilized band-stage neutrophils possessed monocytic cell and osteoclast differentiation potential in response to proinflammatory cytokines in vitro. Together our data Figure 6 . Neutrophils from G-CSF-mobilized blood can be induced to acquire osteoclast phenotype. Neutrophils from G-CSF-mobilized donors were stimulated with GM-CSF (10 ng/mL)/TNFa (25 ng/mL)/ IL-1b (10 ng/mL) for 5 days, followed by a culture period in osteoclast-promoting conditions (M-CSF, 25 ng/mL; RANKL, 100 ng/mL in the inflammatory lesion is in line with previous data showing that although the half-life of circulating neutrophils is rather short (;1 day) their tissue half-life is shown to be 6 to 15 times longer than that of circulating neutrophils. 37 We found that large percentages of human CD15 1 CD54
neutrophils from G-CSF-mobilized blood possess monocytic cell differentiation potential. Because CD54 is known to be lost during terminal differentiation of human neutrophils, 33, 38 our data indicate For personal use only. on April 12, 2017 . by guest www.bloodjournal.org From that the most differentiated neutrophil fraction in G-CSF-mobilized blood possesses enriched monocytic cell differentiation potential. These cells mainly exhibit band-stage morphology. Our observation that neutrophils from steady-state PB lack similar in vitro monocyte differentiation potential indicates that mobilized neutrophils possess higher differentiation plasticity. In severe and persistent inflammation or after mobilization after G-CSF treatment, mobilized neutrophils have been proposed to be functionally different compared with steady-state neutrophils. [39] [40] [41] [42] In addition, G-CSFmobilized band-stage neutrophils were shown to exhibit enhanced survival in vitro and in vivo. 43, 44 The use of a myeloid model cell line was instrumental for studying the initial intracellular signaling events in response to DOX-induced d.a.MKK6 expression. HL-60 cells showed qualitatively the same changes of several granulocyte/monocyte-affiliated transcription factors as did primary granulopoietic cells. Our data are congruent with previous strong C/EBPa expression by neutrophils and C/EBPa expression level-dependent regulation of neutrophil vs monocytes/macrophage differentiation. 45 Moreover, previous studies revealed that modulation of c-Jun levels inversely regulated neutrophil vs monocyte lineage choice decisions of primary murine hematopoietic progenitor cells. 46 Using this HL60 differentiation model, we additionally found that d.a.MKK6-induced neutrophil-tomonocyte reprogramming is p38-dependent but JNK-independent. In line with this, p38 can function as the upstream kinase for c-Jun. 47 Although previous studies showed JNK to be the key kinase phosphorylating c-Jun at S63/S73, 22 c-Jun function was shown to be independent of JNK-mediated phosphorylation in monocytopoiesis. 48 C/EBPa, MafB, Gfi-1, and Egr-1 participate together with c-Jun in a transcription factor network during inflammatory cytokinemediated monocytic cell differentiation from neutrophils. Because these mechanistic data mainly relied on HL60 cells, more extensive future studies need to be performed in primary cells.
We here showed that G-CSF-mobilized blood neutrophils differentiate into CD14 hi c-Jun 1 cells in response to GM-CSF/ TNFa/IL-1b stimulation and that these cells exhibit enhanced levels of phospo-MKK6 expression. Global gene expression analysis confirmed a close resemblance of these cells with blood monocytes as well as a clear separation from blood neutrophils or CD15 1 CD54 -starting cells. Substitution of IL-1b by IL-4 (ie, GM-CSF/TNFa/ IL-4) resulted in weak MKK6 activation by neutrophils ( Figure 3A) . Therefore, IL-4 may induce alternatively activated macrophage (M2) or DC differentiation from neutrophils, as opposed to the aforementioned description of p38-driven CD14 hi inflammatory monocytes/macrophages. In support of this notion, MKK6 activation resulted in the rapid acquisition of the T-cell costimulatory molecule CD86, along with enhancement of T-cell stimulatory capacity in myeloid cells (supplemental Figure 2B-C) .
We chose to stimulate neutrophils with GM-CSF, TNFa 1 IL-1b because this cytokine combination was previously reported to trigger MKK6-p38 signaling in myeloid cells. 31 GM-CSF, TNFa 1 IL-1b abundantly occur in the synovial fluid of patients with rheumatoid arthritis, and these cytokines were previously used as an equivalent of synovial fluid in experimental in vitro studies of RA pathogenesis. 49, 50 TLR triggering may substitute for IL-1b given shared downstream signaling together, with the demonstration that TLR stimulation induces monocyte differentiation from murine progenitor cells. 18 Future studies should compare TLR ligands vs IL-1b in the presence or absence of specific cosignals to better define the signals capable of monocyte differentiation from G-CSF-mobilized band-stage neutrophils.
We demonstrated here that neutrophils from G-CSF-mobilized blood can give rise to osteoclasts. Several studies previously showed that G-CSF promotes osteopenia, 51, 52 and transgenic mice encoding human G-CSF developed osteoporosis with increased osteoclast activity. 53 Consistently, mononuclear cells from G-CSF-mobilized blood showed higher osteoclast differentiation potential than those isolated from healthy controls, 54 and G-CSF augments osteoclast formation in vitro. 51 Moreover, G-CSF treatment can exacerbate arthritis, and rheumatoid arthritis is associated with elevated serum G-CSF levels, 55 whereas G-CSF receptor-deficient mice are refractory to collagen-induced arthritis. 56 Of note, arthritis patients contain increased percentages of activated neutrophils, and these cells may represent a major reservoir of osteoclasts in psoriatic arthritis patients. 57 In support for a role of MKK6 in osteoclastogenesis, d.a.MKK6 was shown to enhance the survival of osteoclasts, 58 and osteoclast differentiation as well as arthritis activity were diminished in MKK6 knockout mice. 59 Although we show here that MKK6-p38 activation is sufficient to induce neutrophil-to-monocytic cell differentiation, we did not address whether it is also required. Because of instability, smallmolecule p38 inhibitors could not be added to prolonged differentiation cultures; moreover, mice double-deficient for MKK3/6 (redundant upstream activators of p38) die of embryonic lethality, 60 leaving this question open.
Several pathways of macrophage differentiation have been described thus far: monocyte-derived macrophages 61 ; hematopoietic progenitor-cell-derived macrophages 62 ; and bone marrowindependent macrophages that proliferate in situ. 63, 64 Monocyte/ macrophage differentiation from G-CSF-mobilized band-stage neutrophils in response to inflammatory signals appears to constitute a distinct pathway of monocyte/macrophage differentiation.
